Distribution profiles of marine crenarchaeota group I in the vicinity of deep-sea hydrothermal systems were mapped with culture-independent molecular techniques. Planktonic samples were obtained from the waters surrounding two geographically and geologically distinct hydrothermal systems, and the abundance of marine crenarchaeota group I was examined by 16S ribosomal DNA clone analysis, quantitative PCR, and whole-cell fluorescence in situ hybridization. A much higher proportion of marine crenarchaeota group I within the microbial community was detected in deep-sea hydrothermal environments than in normal deep and surface seawaters. The highest proportion was always obtained from the ambient seawater adjacent to hydrothermal emissions and chimneys but not from the hydrothermal plumes. These profiles were markedly different from the profiles of epsilon-Proteobacteria, which are abundant in the low temperatures of deep-sea hydrothermal environments.
The members of marine crenarchaeota group I (MGI) are the most abundant and widely distributed Archaea in the global ocean biosphere from surface to bottom waters and from polar to tropical regions (6-8, 11, 12, 20, 19, 28, 29, 31, 36, 46, 48, 52, 54-56) . Since the first discovery of the occurrence of MGI in coastal waters (6, 11) , culture-independent molecular surveys have expanded the potential habitats for MGI from marine planktonic fractions to seafloor surfaces (20, 55, 56) , deep subseafloor sediments (16, 17) , marine hydrothermal systems (31, 46, 48) , freshwater lakes (26, 39) , and deep terrestrial subsurface aquifers (52) . Despite their ubiquity in the global aquatic biosphere and the diversity of genes and genomic structures based on rRNA genes (rDNA) and genome fragments obtained directly from environments (3, 4, 40, 44) , their physiological features and ecological significance are still unclear due to the lack of success in cultivating them.
Recent investigations have begun to provide insights into the metabolic modes and trophic types represented by the MGI. Ouverney and Fuhrman (33) , with a technique called substrate tracking autoradiography fluorescence in situ hybridization, demonstrated that members of the MGI were capable of assimilating dissolved amino acids. In contrast, stable carbon isotopic analyses of archaeal membrane lipids (glycerol dibiphytanyl glycerol tetraethers) in the water columns and sediments suggested that most MGI members might be autotrophs, with bicarbonate as a primary carbon source (15, 21, 22, 41, 42) . Analysis of the archaeal lipids recovered from sediments based on radiocarbon isotopes also supported the nonphototrophic bicarbonate-dependent carbon metabolism of the MGI members (35) . Further evidence for autotrophy in MGI was clearly demonstrated by in situ [ 13 C]bicarbonate tracer experiments (58) .
In the absence of cultivated organisms, it has been difficult to discern much about the energy metabolism of the MGI members. One might hope that scrutiny of the distribution and abundance of MGI in various environments would provide insights into their physiology. To this end, studies of the distribution of Archaea closely related to the MGI by DeLong et al. (7) and Karner et al. (19) suggested that this group might be aerobic psychrophiles widely occurring in the subphotic zone of the ocean. In contrast, analysis of archaeal membrane lipids in the euxinic zone of the Arabian Sea (43) suggested that the MGI may be interface microorganisms, living at an oxic-anoxic boundary in the water column as nitrate-reducing chemolithoautotrophs (43) . Other studies by Moyer et al. (31) suggest that deep-sea hydrothermal systems are potential sources and sinks of marine planktonic Archaea (31) and that the MGI might be the dominant archaeal components in hydrothermal sediments and chimneys (46, 48, 51) . Nevertheless, the quantities and distribution profiles of MGI members in deep-sea hydrothermal environments have not been yet determined. In this study, the spatial distribution of MGI in the vicinity of deep-sea hydrothermal systems was characterized by culture-independent molecular techniques.
MATERIALS AND METHODS
Sample sites, collection, and processing. Hydrothermal plume and seawater samples were obtained from two geographically and geologically distinct deepsea hydrothermal systems: the Kairei Field in the Central Indian Ridge (49) of the Indian Ocean, and Iheya North in the Okinawa Trough off Japan (49, 50 (Fig. 1A) .
In Iheya North, two chimney mounds named North Big Chimney (NBC) (27°47.451ЈN, 126°53.799ЈE; water depth, 968 m) and South Big Chimney (27°47.413ЈN, 126°53.800ЈE; water depth, 978 m) were the focus of our studies. In this hydrothermal field, vigorous hydrothermal vents including North Big Chimney and South Big Chimney were located in the north-south direction, probably along a subsurface fault, with North Big Chimney being a hydrothermal activity center (Fig. 2A) . The temperature of the water was measured with a conductivity-temperature-depth profiler and a self-recording temperature probe carried by the submersible. The area around the study site was characterized with a conductivity-temperature-depth-turbidity profiler, an in situ geochemical anomaly monitoring system (13) , and an altitude meter. The data obtained from these systems were used to construct the sampling maps around the study sites as shown in Fig. 1 and 2 . The reference surface seawater samples were designated Indian surface and Iheya surface for the Kairei Field and Iheya North, respectively. The normal deep-seawater samples designated Indian-2380m, Iheya-500m and Iheya-900m were obtained at water depths of 2,380, 500, and 900 m, respectively, above the deep-sea hydrothermal fields. KASW-5m was ambient seawater obtained 5 m from the Kali chimney, and FASW-5m and FASW-10m were from points 5 and 10 m distant, respectively, from the Fugen chimney. In a similar manner, NBCASW-2m, NBCASW-10m, NBCASW-25m, and NBCASW-32m were ambient seawater samples obtained 2, 10, 25, and 32 m, respectively, from the North Big Chimney, and SBCASW-5m was obtained 5 m from the South Big Chimney. KP-Xm, FP-Xm, and NBCP-Xm are plume water samples obtained X meters from a vent orifice of Kali Chimney, Fugen Chimney, and North Big Chimney, respectively.
Sample processing and total cell counts. At both study sites, on the bases of the chimneys, ambient seawater associated with hydrothermal activity, and normal deep-sea water were sampled with both multiple Niskin water samplers and a water pumping system (37) (maximum, 20 liters) ( Fig. 1 and 2 ).
Approximately 30 ml of each water sample was inactivated by adding formalin (final concentration, 3.7%) and preserved at 4°C. The remainder of each sample was immediately filtered onboard with cellulose acetate filters (0.22-m pore size). Half of the filter was preserved in 3 ml of filter-sterilized seawater containing 3.7% (vol/vol) formalin, and the other half was frozen at Ϫ80°C prior to experiments.
With formalin-fixed water samples, microbial population density was determined by 4Ј,6-diamidino-2-phenylindole (DAPI) staining for direct counts as described previously (46, 51) . Briefly, 10 ml of the formalin-fixed samples was filtered with 0.22-m-pore-size, 13-mm-diameter polycarbonate filters (Advantec). Each filter was rinsed twice with 10 ml of MJ synthetic seawater (38) , which had been filtered through a 0.22-m-pore-size filter and autoclaved, and then stained by treatment with MJ seawater containing DAPI (10 g/ml) at 4°C overnight. The filter was rinsed twice with 10 ml of MJ seawater and examined under epifluorescence with an Olympus BX51 epifluorescence microscopy with the SPOT RT Slider charge-coupled device camera system (Diagnostic Instruments Inc.). Three filters from each sample were prepared, and the microbial cells in at least 5 ϫ 10 Ϫ7 m 2 on each filter were counted. An average of the total cell counts from the three filters was determined.
Phylogenetic characterization and quantification of MGI rDNA. The archaeal ribosomal DNA (rDNA) community structure and the proportion of archaeal rDNA in the whole microbial DNA assemblage obtained from water samples at the Kairei Field were determined. Microbial DNA was directly extracted from a filter frozen at Ϫ80°C with a soil DNA megaprep kit (Mo Bio Laboratories, Inc., Solana Beach, Calif.), following the manufacturer's suggested protocol. A blank tube (with no sample added) was processed as a negative control (53) . Quantification of the archaeal rDNA in the whole microbial DNA assemblage was performed by a quantitative fluorescent PCR method with TaqMan probes as previously described (47) . A dilution series of each of the DNA samples was prepared, and the samples were assayed with the universal rDNA mixture and the archaeal rDNA mixture (47) as the standards for quantification of whole microbial rDNA and archaeal rDNA, respectively. This analysis provided the quantities of archaeal rDNA and whole microbial rDNA, and the proportion of archaeal rDNA within the whole microbial rDNA was calculated (47) .
Archaeal rDNA was amplified by PCR with LA Taq polymerase (TaKaRa, Kyoto, Japan). The oligonucleotide primers used were Arch21F and Arch958R (6) . Reaction mixtures were prepared in which the concentration of each oligonucleotide primer was 0.4 M and that of the DNA template was 0.1 ng l Ϫ1 . Thermal cycling was performed with a GeneAmp 9700 (Perkin-Elmer, Foster City, Calif.), and the conditions were as follows: denaturation at 96°C for 20 s, annealing at 50°C for 45 s, and extension at 72°C for 120 s for a total of 30 cycles. When no apparent product was recovered after 30 cycles of reaction, the number of cycles was extended to 45. The purified rDNA was cloned in vector pCR2.1 with the Original TA cloning kit (Invitrogen, Carlsbad, Calif.). The inserts were amplified by direct PCR from a single colony with M13 primers (23), treated with exonuclease I and shrimp alkaline phosphatase (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom), and directly sequenced by the dideoxynucleotide chain termination method with a dRhodamine sequencing kit (PE Applied Biosystems) following the manufacturer's recommendations.
The Arch21F primer was used in partial sequencing analysis. Single-stranded sequences approximately 400 nucleotides in length were analyzed. Sequence similarity among the single-stranded sequences was analyzed with the FASTA program supplied with the DNASIS software (Hitachi Software, Tokyo, Japan). rDNA sequences having Ն97% similarity as determined by the FASTA program were assigned to the same clone type. Sequences of representative rDNA clones approximately 0.95 kb in length were determined from both strands. The sequences were manually aligned to prokaryotic small-subunit rDNA data from Ribosomal Data Project II (RDP-II) (27) and other databases based on primary and secondary structure considerations. Phylogenetic analyses were restricted to nucleotide positions between the Arch21F and Arch958R primers that were unambiguously alignable in all sequences. Neighbor-joining analysis was performed with the PHYLIP package (version 3.5; obtained from J. Felsenstein, University of Washington, Seattle). Bootstrap analysis was used to provide confidence estimates for phylogenetic tree topologies.
Whole-cell FISH analysis. In order to examine the specific distribution of MGI on the cell level in the vicinity of deep-sea hydrothermal systems, whole-cell fluorescence in situ hybridization (FISH) analysis targeting 16S rRNA was conducted. The target microbial populations were whole microbial cells (DAPIstained cell fraction and universal probe-binding cell fraction), MGI cells (MGIspecific probe-binding cell fraction), and the epsilon subdivision of the Proteobacteria (epsilon-Proteobacteria-specific probe-binding fraction).
An rRNA-targeted oligonucleotide probe (MGI 391) specifically binding to MGI rRNA was previously designed for detection of a diversity of MGI members (46) . In this study, a slightly modified probe was prepared with an almost identical binding site but with 2 bases added at its 5Ј end to elevate its melting temperature, designated the MGI 391-413 probe (5Ј-GGAAAYCACTCGGAY TAACCTT-3Ј; Y ϭ C or T), which corresponded to positions 319 to 413 in Escherichia coli 16S rDNA. In order to find an rRNA-targeted oligonucleotide probe specifically but commonly binding to an increasing number of epsilonproteobacterial rRNAs, a multiple alignment of various rDNA sequences representing epsilon-proteobacterial subgroups, including newly isolated deep-sea hydrothermal thermophilic and mesophilic strains (49), was constructed.
Among several potential sites for probes, a probe designated EP402-423 (5Ј-GAAAKGYGTCATCCTCCACG-3Ј; K ϭ G or T) was chosen based on the specificity experiment with rDNAs from many environmental clones and isolates as described below. For detection of the whole microbial population, the previously established probe UNI 522 was used (14) . The MGI 391-413 and EP 402-423 sequences were analyzed with the Check Probe analysis from the RDP-II (25) and the gapped BLAST search algorithm (2, 5) to confirm the specificity of the probe for the rDNA sequences of the target microbial phylogroups. Based on in silico analysis, MGI 391-413 was found to bind specifically to MGI rRNA sequences and to have at least three bases of mismatch with any other archaeal rDNA sequences. EP 402-423 was also fully complementary to the epsilon-proteobacterial rRNA sequences in databases obtained from deep-sea hydrothermal environments at the probe-binding site, while many rRNA sequences from Campylobacter spp. had one mismatch and all other bacterial members had more than two mismatches with this probe.
In addition, dot-hybridization analysis was carried out with representative archaeal and bacterial rDNA clones obtained from both deep-sea hydrothermal systems (unpublished data) and various isolates of epsilon-Proteobacteria from the Central Indian Ridge Kairei field and the Okinawa Trough (49). The purified rDNAs (100 ng) amplified from the representative archaeal and bacterial rDNA clones were blotted onto positively charged nylon membranes (Roche Diagnostics) and cross-linked to the membranes by exposure to 120 mJ of UV light energy with a UV Stratalinker 1800 (Strategene, Torrey Pines, Calif.). The membrane was hybridized with the MGI 391-413 and EP 402-423 probe (5 ng l Ϫ1 ), which were labeled at the 5Ј end with digoxigenin and purified by highpressure liquid chromatography (Amersham Pharmacia Biotech.). After hybridization, the membrane was washed, and the digoxigenin-labeled oligonucleotide probe hybridized with the targeted rDNA sequence was detected with the digoxi- Table 2 . ND, not determined.
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genin luminescent detection kit for nucleic acids (Roche Diagnostics). All hybridization and washing procedures were carried out inn the same conditions as described below. These experiments supported the specificity of each oligonucleotide probe for MGI and epsilon-Proteobacteria rDNA sequences.
For the whole-cell FISH experiment, the filter sample fixed with 3 ml of synthetic seawater containing 3.7% formaldehyde was dispersed by pipetting, and 1 ml of suspended seawater was centrifuged at 10,000 ϫ g at 4°C. The cell pellet was washed with 0.5 ml of distilled, deionized water and centrifuged at 10,000 ϫ g at 4°C again. The washed cells were stained with 60 l of distilled, deionized water containing DAPI (10 g ml Ϫ1 ) overnight, and 20 l of each cell suspension was immobilized on a noncoated glass slide. Hybridization was performed with indocarbocyanine (Cy3)-labeled probes for 5 h in a hybridization buffer containing 30% formamide as previously described (46) . The hybridization temperature was optimized for each probe as follows: MGI 391-413 probe, 48°C; EP 402-423 probe, 45°C; and UNI 522 probe, 42°C. After hybridization, the slide was washed at the same temperature used for hybridization for 2 h with hybridization buffer containing 35% formamide. Finally, the slide was examined under an Olympus BX51 epifluorescence microscope with the SPOT RT Slider chargecoupled device camera system (Diagnostic Instruments Inc.). Throughout the FISH experiment, it was estimated that approximately 30 to 50% of the total cells determined by direct filtering of the water sample were lost. This might have occurred during resuspension of the filter and centrifugation.
Two types of negative control experiments were employed with identical cell preparations and hybridization conditions. In one, the unlabeled MGI 391-413 and EP 402-423 probes were added in 50-fold excess (250 ng l Ϫ1 ) to the Cy3-labeled MGI 391-413 and EP 402-423 probes added at the standard concentration (5 ng l Ϫ1 ). In the other experiment, a Cy3-labeled negative (nonsense) probe identical to the probe in length and base composition was used. The sequences of the nonsense probes for MGI 391-413 and EP 402-423 were 5Ј-A ACCCGYACTGAAGTCGYTATA-3Ј and 5Ј-AAGGCTCCAGGAKYTACTC C-3Ј, respectively. No microbial cells with clear Cy3-derived fluorescence signals were obtained, and the standard for manually identifying positive and negative hybridizations was established from both negative control experiments. Three slides were prepared from each sample, and microbial cells in at least 5 ϫ 10 Ϫ7 m 2 on each slide were manually counted. Finally, an average of the ratio of probe-hybridized cells to DAPI-stained cells was determined from three slides.
Nucleotide sequence accession number. The 16S rDNA sequences of the rDNA clones described in this study were deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases with accession numbers AB095113, AB095119, AB095135 to AB095137, and AB108843 to AB108849.
RESULTS AND DISCUSSION
Properties of the vent areas. In the Kairei Field, the temperature of the ambient seawater was 1.7 to 1.9°C but decreased slightly with increasing distance from the hydrothermal emission and chimney (Fig. 1A) . The plume waters had higher temperatures than the ambient seawaters, which was a good indication of mixing between hydrothermal emissions and seawater (Fig. 1A) . In Iheya North, the average temperature of the ambient seawater distantly associated with hydrothermal activity was 4.7°C ( Fig. 2A) . However, the ambient seawater adjacent to the hydrothermal emissions and chimneys (samples NBCASW-2m and SBCASW-5m) was relatively warm (7.6 Ϯ 0.1°C and 5.7 Ϯ 0.1°C, mean Ϯ standard deviation, respectively) ( Fig. 2A) . The difference in the temperature profiles of the ambient seawater was likely associated with different modes of hydrothermal fluid emission between the Kairei Field and the Iheya North systems. The hydrothermal emission in the Kairei Field was very vigorous and occurred intensively in the vent orifice and assemblages of chimney Ϯ 0.2 ϫ 10 6 cells ml Ϫ1 (Iheya-500m) (Fig. 1A and 2A) . Compared to these microbial community densities, the ambient seawater just adjacent to hydrothermal emissions (samples KASW-5m, FASW-5m, and NBCASW-2m) contained slightly higher densities (5. The greatest microbial community density was obtained in the hydrothermal plumes; the density was greater in plume water closer to the vents in the Kairei Field (1.6 ϫ 10 6 Ϯ 0.5 ϫ 10 6 cells ml Ϫ1 for KP-5m and 9.5 ϫ 10 6 Ϯ 3.6 ϫ 10 6 cells ml
Ϫ1
for FP-5m), while the plume water 5 to 10 m from the vent (1.6 ϫ 10 6 Ϯ 0.4 ϫ 10 6 cells ml Ϫ1 for NBCP-6.5m and 1.2 ϫ 10 6 Ϯ 0.3 ϫ 10 6 cells ml Ϫ1 for NBCP-10m) harbored larger populations than the plume water at 2 m (5.9 ϫ 10 5 Ϯ 1.6 ϫ 10 5 cells ml Ϫ1 for NBCP-2m) in Iheya North (Fig. 1A and 2A) . The microbial community density obtained from both deepsea hydrothermal systems and the water columns above the hydrothermal activities were considerably higher than previously determined densities of the vertically distributed microbial communities in the tropical to subtropical Indian and Pacific oceans (9, 10, 19, 32) . From the northwestern Indian Ocean (0°N to 22°N) , 0.5 ϫ 10 6 to Ͼ1.5 ϫ 10 6 cells ml Ϫ1 (9) and 0.8 ϫ 10 6 to 1.4 ϫ 10 6 cells ml Ϫ1 (10) were reported as the microbial community densities in the surface water and Ͻ0.5 ϫ 10 5 to 1.0 ϫ 10 5 cells ml Ϫ1 (10) was the microbial community density at a depth zone of 2,000 to 3,000 m (9) . Similarly, in the Pacific, the surface microbial community density varied from 0.4 ϫ 10 6 to 4.0 ϫ 10 6 cells ml Ϫ1 but was lower in the subtropical than in the subarctic region (32) . The deep-sea waters (1,000 to 4,000 m) in the subtropical regions had a microbial community density of 1.0 ϫ 10 4 to 9.0 ϫ 10 4 cells ml Ϫ1 (32) . A whole-cell FISH-mediated estimate provided much lower values than 2 ϫ 10 4 cells ml Ϫ1 below 1,000 m in the subtropical Pacific (19) .
Although the comparison with the previous investigations on the bacterioplankton density suggests possible overestimation of the microbial community density in this study, a higher density in both of the deep-sea hydrothermal sites and their vicinities may represent a higher productivity of the bacterioplanktonic population. As pointed out in the previous investigations of the distribution and abundance of various bacterioplankton (9, 10, 32, 34), the seasonal and geographical alterations in the abundance and productivity of the surface and deep-seawater microbial communities were strongly associated with different physical and geochemical settings. The hydrothermal activity in the deep ocean floor might have significant physical and geochemical impacts on the vicinity and even on the water column above. The hydrothermal plume is one of the most outstanding phenomena, and its influence is known to reach several hundred meters to several kilometers vertically and several to 10 kilometers horizontally around the site despite no apparent temperature anomaly (25) . In addition, the mode and magnitude of the hydrothermal activity may affect the spatial profile of microbial community density. The different distribution profiles of microbial community density in two deep-sea hydrothermal systems reflect the different physical and geochemical backgrounds.
Phylotype distribution in the planktonic habitats. The proportion of archaeal rDNA in the whole microbial DNA assemblage determined by quantitative fluorescent PCR varied among the samples. The plume waters (samples KP-5m, FP5m, FP-10m, and FP-20m) had relatively low proportions of archaeal rDNA populations (6, 4, 5, and 20%, respectively). The archaeal rDNA proportion was increased and the archaeal phylotype structure was shifted in the Fugen Chimney plume with increasing distance from the vent. The nearest plume water contained a number of hyperthermophilic archaeal components related to the Methanopyrales and Thermococcales (Fig. 3 and Table 1 ). In the distant plume water, the proportion of archaeal phylotypes associated with MGI was increased ( Fig. 3 and Table 1 ). In contrast, the archaeal rDNA communities in the ambient seawater consisted only of MGI members ( Fig. 3 and Table 1 ), and the proportions of archaeal rDNA in the whole microbial DNA assemblages (48% in KASW-5m, 45% in FASW-5m, and 20% in FASW-10m) were higher than in the normal deep and surface seawater (13% in Indian2380m and 9% in Indian-surface) as well as in the plume waters. The highest proportion of archaeal rDNA was obtained from the ambient seawater just adjacent to hydrothermal emissions and chimneys.
The archaeal rDNA community in the surface water was quite different from that in the deep-sea hydrothermal ambient seawater and normal deep seawater, and it contained a high abundance of marine euryarchaeota group II (MGII) (Fig. 3 and Table 1 ). The predominant occurrence of MGII members in the surface and shallower zones of the ocean was previously demonstrated by Massana et al. (29) , and the results in this study might represent a vertical shift in the archaeal rDNA community structures in the Kairei Field, Indian Ocean, at the time of sampling. In addition, phylogenetic analysis of the MGI phylotypes obtained from the deep-sea hydrothermal environments, including the Kairei Field and other oceanic habitats, revealed the distribution of different phylotypes of MGI in different oceanic habitats (Fig. 3) . Massana et al. (29) also demonstrated the phylogenetic taxonomy (MGI-␣, -␤, and -␥) of a number of MGI rDNA sequences recovered from a variety of geographical regions and depths of marine environments and suggested that the phylotypes within MGI-␣ dominated the planktonic archaeal population in the shallow waters, whereas MGI-␥ contained the phylotypes obtained from deep waters. The predominant MGI rDNA clone (pCIRA-ZI) from the Kairei Field was affiliated within the MGI-␥ with most of the deep-sea hydrothermal vent MGI rDNA clones from other fields (Fig. 3) (31, 47) . The phylogenetic relatedness between the deep-sea hydrothermal vent MGI members and deep-sea planktonic ones may provide an important clue to identifying the source and sink of the abundantly and ubiquitously distributed MGI population in the global oceanic biosphere. On the basis of the results from the archaeal rDNA clone analysis and quantitative PCR, the proportion of MGI rDNA clone types in the whole microbial rDNA community was calculated as follows: (i) the proportion of the rDNA clones phylogenetically associated with MGI in the archaeal rDNA clone library from each sample was calculated, and (ii) the proportion of MGI rDNA clone types in the archaeal rDNA clone library was multiplied by the proportion of archaeal rDNA determined by quantitative PCR. The proportion of MGI rDNA clone types in the whole microbial rDNA community was based on the PCR-mediated analysis and did not properly represent the proportion of MGI cells in the whole microbial community. However, the sketch for the abundance of MGI rDNA in the whole microbial rDNA assemblage would provide an important insight into the spatial distribution profile of MGI rDNAs and cells in the vicinity of the deep-sea hydrothermal system. A scheme representing a spatial distribution profile of MGI rDNAs in the whole microbial rDNA assemblage is shown in Fig. 1B . The patchy distribution of MGI rDNA was evident in the vicinity of the Kairei deep-sea hydrothermal field (Fig. 1B) . The highest proportion of MGI rDNA in the whole microbial rDNA community was observed in the ambient seawater just adjacent to hydrothermal emissions and chimneys (Fig. 1B) .
Analysis via whole-cell fluorescence hybridization. Based on the recent culture-independent molecular surveys, it has been suggested that both MGI and epsilon-Proteobacteria are the most abundant microbial components in the relatively low temperatures of habitats in the deep-sea hydrothermal environments (45, 49) .
The proportion of MGI 391-413, EP 402-423, and UNI 522 probe-binding cells to DAPI-stained cells is summarized in Table 2 . The proportion of the universal probe-binding cells to DAPI-stained cells was significantly higher on the whole in this study than determined previously in the planktonic microbial communities with more sensitive polynucleotide probes (19) . One possible reason for the high proportion of universalprobe-binding cells to DAPI-stained cells in this study is that the proportion of universal-probe-binding cells was determined against the total number of cells stained by DAPI prior to hybridization. Thus, the DAPI-stained cell count performed simultaneously with FISH analysis was likely an underestimate compared to the cell count obtained when DAPI staining was done just before the microscopic observation. When we evaluated the extent of the underestimation by experiments with representative samples (KP-5m, NBCP-6.5, FASW-5m, NBCASW-25m, Indian-2380m, Iheya-500m, and Indian-surface), in which the samples on the slides stained with DAPI were counted in the presence and absence of the hybridization procedure without any of probes, on average 15% of the DAPI-stained cells were destained (maximally 30%) during the hybridization procedure. This result suggested that the proportion of universal-probe-binding cells to DAPI-stained cells might have been overestimated in this study. Despite the possible overestimation of the proportion of universal-probebinding cells, a relatively higher proportion of universal-probebinding cells was always obtained from the surface seawater microbial communities and the plume water communities (Table 2). These results may represent the higher proportion of metabolically active cells in the plume water and surface seawater than in ambient and normal deep seawater. The spatial distribution profiles of MGI cells in the Kairei Field and Iheya North were sketched based on the results from FISH analysis (Fig. 1C, 2B, and 4A ). As demonstrated in the case of the Kairei Field by rDNA abundance with PCR-mediated methods, a patchy distribution of MGI members was evident by FISH analysis in the vicinity of the Kairei deep-sea hydrothermal field, and the prevalent occurrence of MGI in the ambient seawaters just adjacent to hydrothermal emissions and chimneys was indicated (Fig. 1C) . In addition, a very similar profile of MGI distribution was obtained from FISH analysis in case of Iheya North (Fig. 2B) . With the values on the proportion of MGI rDNA clone types in the whole microbial rDNA community obtained from the PCR-mediated analysis (Fig. 1B) and on the proportion of MGI cells in the whole microbial community obtained from FISH analysis (Fig. 1C) , a correlation between two independent analyses targeting different molecules was estimated. The linear regression slope was 0.78 (95% confidence interval, 0.73 to 1.27, n ϭ 7), and the correlation coefficient (r 2 ) was 0.957 for the two methods. This estimate revealed that the two molecular analyses determining the distribution of MGI were significantly correlated in the samples from Kairei Field. Thus, based on the different estimation methods and in both Kairei Field and Iheya North, MGI members increased their proportion in the ambient seawater habitats close to hydrothermal emissions and chimneys. Finally, the distribution profile of epsilon-Proteobacteria differed from that of MGI cells ( Table 2 ). The highest proportion of epsilon-Proteobacteria in the whole microbial community was detected in plume water in Kairei Field and Iheya North, and the average proportion of epsilon-Proteobacteria in plume water was three times as high as that in the ambient seawater (Table 2 ). In addition, the plume water samples had many dividing and aggregating form of cells that bound to the EP 402-423 probe (Fig. 4B) .
Implications of the distribution profile of MGI. On the basis of a molecular phylogenetic survey of archaeal components in microbial mats at Pele's Vents, Loihi Seamount, Hawaii, Moyer et al. hypothesized that deep-sea hydrothermal systems were potential sources and sinks of marine planktonic Archaea (31) . In this study, the proportion of MGI members was apparently higher in the ambient seawater than in the normal deep seawater in the geographically and geologically distinct deep-sea hydrothermal systems (Table 2) . Several investigations have suggested that the deep ocean below the euphotic zone has a higher population of MGI than the surface and is a potential niche for MGI members (7, 19, 29) . In addition, it was clearly demonstrated in this study that the MGI members dominating the planktonic microbial communities in deep-sea hydrothermal environments are phylogenetically associated with the deep-ocean MGI members rather than the shallowwater entities. Hence, the ambient seawater habitats of the deep-sea hydrothermal sites may represent a suitable habitat for some groups of MGI and may be a possible source environment of them.
In comparison to the distribution profiles of another major constituent of the Bacteria in the low-temperature habitats of deep-sea hydrothermal environments, potentially chemolithoautotrophic epsilon-Proteobacteria, the uncultivated MGI members exhibited a different distribution, implying that the deep-sea hydrothermal vent MGI members were not as fully dependent on chemolithoautotrophic metabolism as epsilonProteobacteria. Our recent cultivation and characterization of many previously uncultivated epsilon-Proteobacteria inhabiting a variety of deep-sea hydrothermal habitats demonstrated that most were anaerobic to microaerobic, strictly chemolithoautotrophic, hydrogen-and/or sulfur-oxidizing microorganisms (49) . These currently characterized physiological and metabolic features of the deep-sea hydrothermal vent epsilon-Proteobacteria could well explain the distribution profile of epsilon-Proteobacteria in plume water in relation to the abundance and utilization of energy sources such as hydrogen and reduced sulfur compounds. This adversely implies that most MGI members predominantly occurring in the ambient seawater have physiological and metabolic traits that differ from those of deep-sea hydrothermal vent epsilon-Proteobacteria and may be not chemolithoautotrophs, which has been suggested by recent investigations of environmental archaeal lipids, isotopic carbon characterization of the lipid components and an in situ tracer experiment with a stable carbon isotope (15, 21, 22, 35, 42, 43, 58) . Despite extensive and comparative characterization of hydrothermal vent fluids in global deep-sea hydrothermal systems (57), the physical and chemical properties of the water in the vicinity of the deep-sea hydrothermal systems have been poorly investigated other than in large hydrothermal plumes (25) . Much less is known about the physical and chemical properties of ambient seawater at high resolution. A distinctive feature, apparently found in the ambient environments of hydrothermal emissions and chimneys, is the formation of prosperous macrofaunal communities. In Kairei Field and Iheya North, a number of animal communities consisting of vent mussels (both locations), crabs (both locations), arthropods (both locations), polychaetes (both), tubeworms (Iheya North), and shrimps (Kairei Field) were observed widely at the surface and the foot of the chimney structures. These animal communities might excrete considerable amounts of dissolved organic compounds into the ambient seawater.
Although geochemical characterization of dissolved organic compounds in the water samples was not conducted in this study, organic compounds derived from the deep-sea hydrothermal animal communities may have a great impact on the energy and carbon metabolisms of the microorganisms in the vicinity of deep-sea hydrothermal systems. Biochemical signatures for heterotrophic metabolism of MGI members have been obtained from substrate-tracking autoradiography fluorescence in situ hybridization experiments by Ouverney and Fuhrmann (33) . Recent genomic investigations of several phylotypes of MGI with large DNA fragments directly recovered from such environments have revealed a diversity of genes and genomic structures within MGI members and may allow the physiological and metabolic diversity and speciation of MGI in a variety of oceanic habitats (3, 4, 40, 44) . Further investigation with a combination of molecular phylogenetic techniques and isotopic characterization of MGI lipids will provide an important clue to understanding the physiological and metabolic traits of the deep-sea hydrothermal vent MGI membrers and lead to future successful cultivation of what is potentially the largest population of Archaea on this planet.
